Objective: The administration of endotoxin to healthy humans reduces cerebral blood flow but its influence on dynamic cerebral autoregulation remains unknown. We considered that a reduction in arterial carbon dioxide tension would attenuate cerebral perfusion and improve dynamic cerebral autoregulation in healthy subjects exposed to endotoxemia.
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. % -1 ; p<0.05), and higher mean arterial pressure-to-middle cerebral artery mean flow velocity phase difference (p<0.05) in the low frequency range (0.07-0.15 Hz).
Conclusions: These data support that the reduction in arterial carbon dioxide tension explains the improved dynamic cerebral autoregulation and the reduced cerebral perfusion encountered in healthy subjects during endotoxemia.
Introduction
Cerebral dysfunction during sepsis, or septic encephalopathy, appears early in the development of systemic inflammation 373 and may be related to a reduction in cerebral blood flow. 374 Still, animal and human studies do not provide a consistent view of the impact of sepsis on cerebral perfusion or cerebral autoregulatory capacity (CA). Static CA refers to the mechanisms responsible for the maintenance of a relatively constant cerebral blood flow within a range of mean arterial pressure (MAP) of 60-150 mm Hg 2 and seems to be maintained 375 or affected in patients with sepsis.
374,376,377
However, dynamic CA, referred to as the fast mechanisms that permit the restoration of cerebral blood flow after acute changes in arterial pressure, has not been evaluated in these patients.
Administration of endotoxin to healthy subjects allows for evaluating the consequences of endotoxemia on physiological variables 378 and represents a model to evaluate the systemic inflammatory response with vasodilatation associated with sepsis but without the associated altered microcirculation.
378-380
The lowering in arterial carbon dioxide tension (P a CO 2 ) during endotoxemia seems to be responsible for the reduced cerebral blood flow. 380 However, dynamic CA is not documented during endotoxemia. The objective of this study was to evaluate dynamic CA during endotoxemia using body temperature and tumor necrosis factor-α (TNF-α) to ensure its development in healthy subjects. We hypothesized that reduction in P a CO 2 in response to the administration of endotoxin would enhance dynamic CA.
Materials and Methods

Study population
Ten healthy young subjects [age: 32±8 years (mean±SD); weight: 84±10 kg; height: 184±5 cm; body mass index: 25±2 kg/m 2 ] participated in the study after providing written informed consent as approved by the regional ethics committee (HKF 01-292515) according to the principles established in the Declaration of Helsinki. The subjects did not have any medical conditions, nor were they taking any medication. All subjects demonstrated a normal electrocardiogram.
Catheterization
On arrival to the laboratory after a light breakfast, the subjects were placed on a hospital bed. Under local anesthesia (2% lidocaine), a catheter was inserted in the left femoral vein for infusion of endotoxin. Intra-arterial pressure was monitored from a catheter in the nondominant brachial artery.
After catheterization, endotoxin was administered following 30 min of recovery. 
Measurements
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To evaluate changes in cerebral perfusion, middle cerebral artery mean flow velocity (MCA V mean ) was monitored through the posterior temporal ultrasound window with transcranial Doppler sonography (DWL Multidop X4, Sipplingen, Germany) using a 2-MHz probe at a depth of 45-55 mm.
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After obtaining the optimal signal-to-noise ratio, the probe was fixed by adhesive ultrasonic gel (Tensive; Parker Laboratories, Orange, NJ) and secured by a headband (Marc 600; Spencer
Technologies, Seattle, WA). The determination of MCA V mean has a coefficient of variation of approximately 5%.
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Cerebral perfusion pressure (CPP) was estimated as the area under the pulsatile amplitude of the flow velocity and arterial blood pressure waveforms:
where MCA V diast is diastolic middle cerebral artery flow velocity and DAP is diastolic arterial pressure.
Cerebrovascular resistance index was MAP divided by MCA V mean .
For calculation of dynamic CA please see the Methods section (Chapter 2).
Blood Sampling
Before the study, blood analyses revealed normal hemoglobin, white blood cell count, white blood cell differential count, C-reactive protein, blood glucose, creatinine, alanine aminotransferase, international normalized ratio, and thyroid-stimulating hormone.
Arterial blood was drawn at baseline and at 60, 120, and 180 min after injection of endotoxin for the measurement of P a CO 2 with the use of a blood gas analyzer (model ABL605; Radiometer, Copenhagen, Denmark). Blood was also analyzed for TNF-α to evaluate the extent of endotoxemia development, 386 which correlates with sepsis severity. 387 Blood samples were drawn into ice-cold tubes containing EDTA and aprotinin and then spun immediately at 2,200 g for 15 min at 4°C. Plasma was stored at -80°C until analyzed. TNF-α was determined with an enzyme-linked immunosorbent assay kit (detection limit 0.5 pg/ml; R&D Systems; Minneapolis, MN).
Study Design
Systemic and cerebrovascular hemodynamic variables were monitored for 3 hours after the endotoxin bolus (2 ng/kg; Escherichia coli; United States Pharmacopia Convention, Rockville, MD). Variables were expressed as the mean data of 5 min during steady-state periods at baseline and at 104 (80-170) min after the endotoxin bolus. Also, body temperature was measured every hour for 3 hours by using an ear thermometer (FirstTemp Genius, Gasport, UK).
Statistical analyses
For data normally distributed, a Student's paired t-test was performed to evaluate changes between conditions and the Wilcoxon signed rank test was used otherwise. The Spearman's correlation was used to assess associations. Results are presented as means±SD for data normally distributed and medians (range) for data not normally distributed and a P value <0.05 was considered statistically significant (Sigmastat; SPSS, Chicago, IL).
Results
Endotoxin increased body temperature from 36.8±0.4°C to 38.6±0.5°C (p<0.001) and plasma TNF-α from 5.6 (2.8-6.7) to 392 (128-2258) pg/ml (p<0.02). In response to endotoxemia, P a CO 2 decreased by 10% (p<0.05), yet the endotoxin bolus had no influence on MAP (P=0.75), estimated CPP (P=0.12), or stroke volume (P=1.0), but cardiac output increased by 32% (p<0.05) through a 30% elevation in heart rate (p<0.001) and systemic vascular resistance decreased by 22% (p<0.05). Also, in response to endotoxemia, MCA V mean was lowered by 21% (p<0.01) and thus cerebrovascular resistance index increased by 22% (p<0.01; Table 1 ) compared to baseline.
MCA V mean was correlated to P a CO 2 (r=0.57; p<0.05) and there was a correlation, although not significant, with body temperature (r=-0.47; P=0.06). 
Dynamic cerebral autoregulatory capacity
Variables in the very low and high frequency ranges were similar between conditions (Table 2; Figure   1 ). Of note, coherence was >0.5 in the high but not in the very low frequency range. In the low frequency range, MAP variability was similar between conditions (P=0.90), but endotoxemia was associated with a lower MCA V mean variability (P<0.001; 
Discussion
These results support, by determination of MCA V mean , that endotoxemia is associated with a reduction in cerebral perfusion in healthy subjects as shown by the use of the Kety-Schmidt method, 380 and that endotoxemia-induced reduction in P a CO 2 is an important determinant of this lowered cerebral perfusion. The novel finding of this study is that healthy subjects exposed to endotoxemia demonstrated enhanced dynamic CA in the low frequency range as would be expected when P a CO 2 is lowered.
388
Healthy subjects demonstrated a 21% reduction in MCA V mean after endotoxin bolus compared with baseline. A consensus on the influence, whether direct or indirect, of systemic inflammation on cerebral blood flow is absent. Some investigators report an increase 389,390 or no change 391,392 in cerebral blood flow during endotoxemia. However, cerebral perfusion seems to be reduced in sepsis, 393, 394 as is the case in animal and human endotoxemia models. 380, 395, 396 Although MAP and estimated CPP during endotoxemia were similar compared with baseline, cardiac output increased consequent to an elevation in heart rate in our subjects. However, changes in cardiac output or heart rate were not correlated with changes in cerebral perfusion during endotoxemia. The decline in cerebral perfusion during sepsis seems to occur before any modification in systemic hemodynamics or hypotension. 393 In fact, it is most likely the consequence of an early increase in cerebrovascular resistance 394,397 as confirmed in this study.
The reduction in P a CO 2 after administration of endotoxin is likely responsible for the reduction in cerebral perfusion. The elevation in P a CO 2 is a potent vasodilator and, conversely, its reduction lowers cerebral blood flow, 1 yet although the CO 2 reactivity of the cerebral circulation may be impaired in sepsis, 398-400 pre-existing abnormalities in some patients from these studies could have affected the cerebral CO 2 reactivity. Furthermore, other investigators report maintained cerebral CO 2 reactivity in patients with sepsis. 375, 393, 401 In humans, a 7.5-mm Hg (1-kPa) change in P a CO 2 is associated with an approximate 17% change in MCA V mean during hyperventilation. 73 Changes in MCA V mean were correlated with those in P a CO 2 during endotoxemia and the 4-mm Hg lowering in P a CO 2 observed with endotoxemia was associated with a 21% reduction in MCA V mean , suggesting preserved cerebral CO 2 reactivity. Body temperature tended to correlate with P a CO 2 and MCA V mean and cerebral blood flow is reduced in response to hyperthermia-induced hypocapnia in healthy subjects. 402 Taken together, these results suggest that the increase in body temperature associated with endotoxemia may be one of the mechanisms underlying the reduction in P a CO 2 , which in turn will reduce cerebral perfusion.
The impact of sepsis or endotoxemia on CA is not well described. Cerebral blood flow remains relatively constant within a range of MAP of 60-150 mm Hg, referred to as cerebral autoregulation, 2 although the blood pressure-cerebral blood flow relationship is not completely flat levels increased and concomitantly cerebrovascular reactivity was compromised in septic patients after injection of acetazolamide, a reversible inhibitor of carbonic anhydrase used to evaluate cerebral vasomotor reactivity, 406 suggesting the effect of P a CO 2 on CA in these patients. 399 However, whether changes in P a CO 2 act, directly or indirectly, on dynamic CA remains debated because ventilation and related changes in intrathoracic pressure, rather than P a CO 2 per se, could be responsible for the changes in dynamic CA.
The elevation in body temperature may also contribute to the improved dynamic CA with endotoxemia because dynamic CA is maintained and even improved by quantitatively similar increments (approximately 2°C) in body temperature induced by passive heat stress. 407, 408 The impact of an augmentation in body temperature on brain sympathetic activity 402 or P a CO 2 409 could explain the improvement in dynamic CA with endotoxemia in this study. However, most of the improvement in dynamic CA with passive heat stress has been reported in the very low frequency range, 407, 408 whereas in the present study, improved dynamic CA with endotoxemia was observed in the low frequency range only. Of interest, the reduction in P a CO 2 measured in our subjects during endotoxemia seems less important than shown in heating studies. 410 An unchanged skin temperature could explain such a lower reduction in P a CO 2 because skin cooling during severe heat stress attenuates heat-induced lowering in end-tidal PCO 2 in healthy subjects.
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The use of a method based on pulse wave analysis to evaluate cardiac output could be considered a problem during interventions that influences systemic vascular admittance of the vascular system, but it is found valid under such circumstances, 207 although it is likely that cardiac output was underestimated because of the endotoxemia-induced elevation in body temperature.
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Transcranial Doppler-derived MCA V mean was used as a measure of cerebral blood flow, because changes in MCA V mean in response to challenges are parallel with the inflow of the internal or common carotid artery 412 with the "initial slope index" of the 133 xenon clearance-determined cerebral blood flow 270 and with regional cerebral blood flow measurements by positron emission tomography. 413 The means of measuring CPP and intracranial pressure are invasive, including an arterial line and a subarachnoid or intracranial catheter. Accordingly, the use of a non-invasive method of estimating CPP is of interest. We used the method reported by Belfort et al. 385 because it has been used by others 414 and is applicable in patients because it does not require invasive arterial pressure monitoring. Dynamic CA is often measured with a sudden change in arterial pressure while monitoring the rate of MCA V mean response to baseline. 81 Alternatively, spontaneous fluctuations in arterial pressure are used to evaluate dynamic CA, especially in patients for which a sudden reduction in arterial pressure should be avoided. The method used in this study for the evaluation of dynamic CA is accepted as an alternative to methods using sudden changes in arterial pressure. 415 Our endotoxemia model in healthy subjects does not reflect all aspects of a sepsis condition. However, the bolus injection of high doses of E. coli (2-4 ng/kg) has been used in healthy subjects to mimic the inflammatory response of early sepsis. 378 Finally, although our results suggest that a lowering of P a CO 2 is associated with improvement in dynamic CA, P a CO 2 would have needed to be returned to baseline following endotoxemia to confirm that hypothesis.
Conclusions
These results suggest that in healthy subjects, endotoxemia improves dynamic CA but reduces cerebral perfusion and both phenomena could be explained by a reduction in P a CO 2 .
